Nitrogen dioxide (NO 2 ) is a major air pollutant causing significant environmental 1,2 and health problems 3,4 . We report reversible adsorption of NO 2 in a robust metal-organic framework. Under ambient conditions, MFM-300(Al) exhibits a reversible NO 2 isotherm uptake of 14.1 mmol g −1 , and, more importantly, exceptional selective removal of low-concentration NO 2 (5,000 to < 1 ppm) from gas mixtures. Complementary experiments reveal five types of supramolecular interaction that cooperatively bind both NO 2 and N 2 O 4 molecules within MFM-300(Al). We find that the in situ equilibrium 2NO 2 ↔ N 2 O 4 within the pores is pressure-independent, whereas ex situ this equilibrium is an exemplary pressure-dependent firstorder process. The coexistence of helical monomer-dimer chains of NO 2 in MFM-300(Al) could provide a foundation for the fundamental understanding of the chemical properties of guest molecules within porous hosts. This work may pave the way for the development of future capture and conversion technologies.
, mesoporous silica 8 and activated carbons 9, 10 have been investigated for NO 2 adsorption. However, these materials suffer from low adsorption capacities and the high reactivity of NO 2 often affords irreversible uptake via disproportionation to NO + and NO 3 − coupled with oxidation and degradation of the interior of the host material [6] [7] [8] [9] [10] . Metal-organic frameworks (MOFs) are emerging solid adsorbents 11 , but isothermal adsorption of NO 2 in MOFs has not been reported previously. Moreover, experimental insights into the nature of NO 2 -host interactions at surface sites and NO 2 -NO 2 interactions within confined nanopores are rarely explored and poorly understood. Herein, we describe an ultrarobust material, MFM-300(Al), showing unprecedented reversible and selective adsorption of NO 2 . The selective retention of NO 2 in MFM-300(Al) has been demonstrated by breakthrough experiments under both dry and wet conditions and in the presence of SO 2 and CO 2 . MFM-300(Al) can be fully regenerated post adsorption without loss of crystallinity or porosity. We also report the application of high-resolution synchrotron X-ray powder diffraction (PXRD), Fourier-transform infrared (FTIR), electron paramagnetic resonance (EPR) and inelastic neutron spectroscopy (INS) coupled with density functional theory (DFT) and molecular dynamics (MD) calculations to directly visualize the binding domains, dynamics of host-guest interactions, reactivity and chemical behaviour of adsorbed NO 2 within MFM-300(Al) (Supplementary Section 1). These complementary experiments using dynamic, kinetic and static approaches reveal five different types of soft supramolecular interaction cooperatively binding both NO 2 and N 2 O 4 molecules within the functionalized cavities of MFM-300(Al). The cooperativity of these soft interactions directly explains the optimal uptake and selectivity for NO 2 in MFM-300(Al).
At 298 K, the maximum NO 2 isotherm uptake in MFM-300(Al) 12 was measured as 14.1 mmol g −1 (64.9 wt% or 316 cm 3 g −1 at standard temperature and pressure) at 1.0 bar ( Fig. 1a and Supplementary Section 4). This uptake is much higher than values reported for modified Y zeolites 6 , mixed oxides Ce 1−x Zr x O 2 7 , amine-functionalized SBA-15 8 , urea-modified mesoporous carbons 9 and activated carbons 10 . Although the NO 2 capacities of a number of MOFs [13] [14] [15] [16] , metal-doped MOFs 17 and MOF/graphite oxide composites 18, 19 have been estimated from (micro)breakthough experiments using mixtures of gases containing 1,000-2,000 ppm of NO 2 (Supplementary Table 4 ), these cannot be compared with the direct uptakes obtained here via isotherm experiments with pure NO 2 (Supplementary Section 5). Significantly, the NO 2 uptake in MFM-300(Al) is fully reversible and no detectable reduction in either crystallinity or sorption capacity was observed for MFM-300(Al) after five cycles of NO 2 sorption and desorption. The isosteric heat of adsorption (Q st ) for NO 2 uptake in MFM-300(Al) is about 50 kJ mol −1 at a surface coverage of 2-7 mmol g −1 (Fig. 1b and Supplementary Sections 6 and 9). The absence of notable variation of Q st in this region indicates the presence of uniform host-guest and guest-guest interactions. At higher surface coverage up to 10 mmol g 
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At 298 K and 1 bar, MFM-300(Al) shows an IAST selectivity of 18.1, 248 and > 10,000 for NO 2 /SO 2 , NO 2 /CO 2 and NO 2 /N 2 mixtures, respectively ( Fig. 1c and Supplementary Section 10) . The adsorptive removal of low concentrations of NO 2 by MFM-300(Al) has been confirmed in breakthrough experiments in which a stream of NO 2 (5,000 ppm diluted in He/N 2 ) was flowed over a packed bed of MFM-300(Al) under ambient conditions ( Fig. 1d and Supplementary Section 11). As expected, He and N 2 were the first to elute through the bed (dimensionless time = 180), whereas NO 2 was retained selectively. On saturation (dimensionless time > 5,000), NO 2 breaks through from the bed and reaches saturation rapidly. Thus, for an entering feed of 5,000 ppm NO 2 , the NO 2 composition can be purified to below 1 ppm (below the detection limit of the mass spectrometer) until breakthrough. The ability of MFM-300(Al) to SO 2 ads  CO 2 ads  NO 2 des  SO 2 des  CO 2 des  CH 4  CO  N 2  Ar  H 2  O 2 Gas uptake (gas per Al)
Gas uptake (mmol g , consistent with the adsorption being driven by the enthalpy of adsorption and the presence of specific host-guest binding interactions. Overall, Δ S decreases slowly with increasing surface coverage, indicating the ordering of gases in the pore. The errors were derived by least-squares linear fitting. c, Comparison of IAST selectivities for equimolar mixtures of NO 2 /SO 2 and NO 2 /CO 2 at 0.1-1.0 bar for MFM-300(Al) at 298 K. IAST calculations at low pressure (< 0.1 bar) carry very large uncertainties due to the insufficient integration of spreading pressure and thus are not reported. d, Dimensionless breakthrough curve of 0.5% NO 2 (5,000 ppm) diluted in He/N 2 under both dry and wet conditions through a fixed bed packed with MFM-300(Al) at 298 K and 1 bar. e, Dimensionless breakthrough curve of 0.4% NO 2 (4,000 ppm) and 15% CO 2 (v/v) diluted in He through a fixed bed packed with MFM-300(Al) at 298 K and 1 bar. f, Dimensionless breakthrough curve of 0.16% NO 2 (1,666 ppm) and 0.34% SO 2 (3,334 ppm) diluted through He in a fixed bed packed with MFM-300(Al) at 298 K and 1 bar.
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capture NO 2 in the presence of moisture has been demonstrated by breakthrough experiments using a wet stream of NO 2 (Fig. 1d) . In the presence of water vapour, the breakthrough of NO 2 from MFM-300(Al) slightly reduces to 4,600 (dimensionless time) as a result of competitive adsorption of water. In addition, breakthrough of NO 2 from MFM-300(Al) pre-saturated with water shows, as expected, a reduced breakthrough time (Supplementary Section 11) . The selective retention of NO 2 by MFM-300(Al) has also been confirmed in competitive breakthrough experiments using gas mixtures containing NO 2 with CO 2 (Fig. 1e ) or NO 2 with SO 2 (Fig. 1f) . In both cases, CO 2 and SO 2 were the first to elute through the bed and NO 2 was selectively retained in the bed until breakthrough, consistent with the estimation of adsorption selectivity data. Thus, these results from both static and dynamic adsorption experiments indicate the potential of MFM-300(Al) for NO 2 capture.
The density of adsorbed NO 2 molecules in MFM-300(Al) is estimated to be 1.73 g cm −3 at 298 K and 1.0 bar. Interestingly, this is higher than that of liquid NO 2 and N 2 O 4 (1.45 g cm −3 and 1.44 g cm −3 , respectively, at 294 K), but lower than that of solid N 2 O 4 (1.94 g cm −3 at 140 K) 20 , suggesting highly efficient packing of NO 2 molecules in the pore. Synchrotron PXRD data collected on NO 2 -loaded MFM-300(Al) at 298 K revealed two independent binding sites, I and II, assigned as NO 2 
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Nature Materials channel of MFM-300(Al) (Fig. 2c) . These chains are stabilized by multiple weak intermolecular dipole interactions between monomer-to-dimer and dimer-to-dimer. The unusual stability of the (NO 2 ·N 2 O 4 ) ∞ chain within MFM-300(Al) has been confirmed by MD modelling, which suggests that between room temperature and 600 K the chain in the MOF remains stable within the timescale of the simulation (10 ps), whereas the chain outside the MOF collapses entirely (see Supplementary Section 3). Interestingly, in the 1D compound [Rh 2 (bza) 4 (pyz)] (bza − = benzoate; pyz = pyrazine), all adsorbed NO 2 molecules are found in the dimeric form and no notable guest-guest interaction was observed 21 . Recently, locations of adsorbed NO 2 molecules have also been studied in a zeolite, Ba-Y-FAU, in which three different ionic NO x species (NO + , NO + − NO 2 and NO 3 − ) are observed in the pore 22 . To our knowledge, the alternating (monomer-dimer) ∞ chain described here represents the first example of coexistence of NO 2 and N 2 O 4 molecules within a crystalline matrix.
INS enabled the direct visualization of the binding dynamics for MFM-300(Al)·(NO 2 ) 2 ·(N 2 O 4 ) 2 with particular focus on the motion of hydrogen atoms involved in the supramolecular contacts. Comparison of INS spectra reveals six major changes in peak intensity on going from bare MFM-300(Al) to MFM-300(Al)·(NO 2 ) 2 · (N 2 O 4 ) 2 (Fig. 3h,i) . Peaks I and II occur at low energy transfer (5-30, 30-60 meV, respectively) and peaks III, IV, V and VI at high energy transfer (85, 114, 119-132 and 135-161 meV, respectively). To understand the changes, simulated INS spectra were obtained via DFT calculations based on the structural model of MFM-300(Al)· (NO 2 ) 2 ·(N 2 O 4 ) 2 and show excellent agreement with experimental spectra (Fig. 3h,i) . Peak I corresponds to a series of lattice modes of MFM-300(Al), the decrease in peak intensity being consistent with NO 2 inclusion. Peaks II and III can be assigned to the deformational modes (that is, bending and wagging) of -OH groups perpendicular to the Al-O-Al plane and of -CH groups on two benzene rings adjacent to each NO 2 molecule, respectively. Peaks IV and VI can be assigned to out-of-plane and in-plane -CH bending modes, respectively. Finally, peak V corresponds to the in-plane bending modes of the -OH groups. The notable changes observed for peaks II-VI suggest that adsorbed NO 2 molecules have direct interaction with the -OH and -CH groups.
To probe the phase equilibrium of adsorbed NO 2 and N 2 O 4 molecules within MFM-300(Al), the effect of exposing discs of MFM-300(Al) in KBr to varying pressures of NO 2 (0-1 bar) at 298 K was monitored in the region 2,760-3,200 cm −1 by FTIR spectroscopy (Supplementary Section 7) . Three bands were assigned 23 ( Fig. 3a) to a combination band of NO 2 at 2,903 cm ), showing that in the gas phase the dimer increases relative to the monomer as the pressure is increased, whereas in the pores the ratio remains constant. For comparison, the ratio of the refined site occupancies for adsorbed N 2 O 4 and NO 2 molecules from the PXRD study is also included. The errors were derived by PXRD refinement. h, Comparison of the experimental (top) and DFT-simulated (bottom) INS spectra for bare and NO 2 -loaded MFM-300(Al). i, Comparison of the difference plots for experimental and DFT-calculated INS spectra of bare and NO 2 -loaded MFM-300(Al).
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to MFM-300(Al) were also observed in this region, and, therefore, a spectrum recorded under vacuum was used as the background (Fig. 3b,c) . New bands were observed at 2,829, 2,946 and 3,083 cm −1 (Fig. 3d) , and these increased in intensity with increasing NO 2 pressure, and can be modelled by DFT (Fig. 3e) . By comparison to the free gas, these new bands were assigned to the formation of adsorbed monomer (NO 2 at 2,829 cm ), indicating a stronger host-guest interaction at the monomer site, consistent with the structural model of MFM-300(Al)·(NO 2 ) 2 ·(N 2 O 4 ) 2 . The increase in band areas is consistent with the gas adsorption isotherm (Fig. 3f) , with bands due to monomer and dimer observed to grow with pressure at approximately the same rate. Figure 3g compares the ratio of the area of the infrared bands due to dimer and monomer for the free gas (at 2,962 and 2,903 cm
, respectively) and adsorbed phase (at 2,946 and 2,829 cm −1 respectively). In the gas phase, the ratio of dimer to monomer increases linearly with increasing pressure. However, the ratio of dimer to monomer within the pores of MFM-300(Al) was constant across the pressure range studied. Moreover, this observation is consistent with the kinetic PXRD results (Fig. 3g) , which show concurrent occupation of NO 2 and N 2 O 4 molecules within the pore as a function of time. Thus, significantly, the equilibrium of the monomer-dimer (2NO 2 ↔ N 2 O 4 ) transition is pressure-independent within the confined nano-voids of MFM-300(Al) (Supplementary Section 12) .
The presence of a single type of adsorbed NO 2 monomers is shown definitively by EPR spectroscopy ( Fig. 4a ; bare MFM-300(Al) and N 2 O 4 molecules at site II are diamagnetic). EPR spectra at 40 K show immobilized NO 2 with full resolution of the anisotropic electronic g-factor and 14 N hyperfine interaction 24 ; at higher temperatures, partial motion of the NO 2 is observed (Supplementary Section 8). The interaction of NO 2 with the MOF interior is revealed by Davies ENDOR (electron-nuclear double resonance) spectroscopy that resolves 1 H hyperfine interactions (Fig. 4b) . Calculated spectra 25 confirm binding of NO 2 at site I, consistent with end-on interaction with the -OH group and further interactions with the four adjacent aromatic -CH groups (Fig. 4c) . Orientation-selective ENDOR measurements show that the largest 1 H coupling to the -OH group is observed along the molecular NO 2 axis that is parallel to the O-O vector, confirming the end-on binding unambiguously. Importantly, EPR data have also confirmed that electron transfer from NO 2 to the MOF does not occur, directly supporting the observed unusual reversibility of NO 2 uptake and hence the stability of the framework (Supplementary Section 8) .
Our studies confirm that MFM-300(Al) can participate in additive, supramolecular interactions to stabilize highly reactive NO 2 molecules with retention of its unpaired electron within the pore. A combination of cooperative supramolecular interactions and spatial restrictions within nanopores enables the unprecedented coexistence of NO 2 
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Methods NO 2 safety. All systems involved in the supply, delivery and measurement of NO 2 were rigorously leak-tested and used only within the range of a NO 2 detection system with a sensitivity of 1 ppm.
Gas adsorption isotherms and breakthrough experiments.
Measurements of the NO 2 adsorption isotherm (0-1 bar) were performed using a Xemis gravimetric adsorption apparatus (Hiden Isochema) equipped with a clean ultrahigh vacuum system. The pressure in the system was accurately regulated by mass flow controllers. Research-grade NO 2 and He were purchased from AIRLIQUIDE or BOC and used as received. In a typical gas adsorption experiment, 70-100 mg of MFM-300(Al) solvate was loaded into the IGA, and degassed at 120 °C and high dynamic vacuum (10 −10 bar) for 1 day to give desolvated MFM-300(Al). Breakthrough experiments were carried out in a 7-mm-diameter fixed-bed tube of 120 mm length packed with ~3 g of MFM-300(Al) powder (particle size < 5 μ m). The total volume of the bed was about 5 cm 3 . The sample was heated at 150 °C under a flow of He for 2 days for complete activation. The fixed bed was then cooled to room temperature (298 K) using a temperature-programmed water bath and the breakthrough experiment performed with a stream of 0.5% NO 2 (diluted in He and N 2 ) at atmospheric pressure and room temperature. The flow rate of the entering gas mixture was maintained at 40 ml min −1 , and the gas concentration, C, of NO 2 and N 2 at the outlet was determined by mass spectrometry and compared with the corresponding inlet concentration C 0 , where C/C 0 = 1 indicates complete breakthrough. A more detailed description is given in the Supplementary Information.
In situ FTIR spectroscopy. In situ studies of MFM-300(Al) were carried out in a high-pressure low-temperature cell, which has been described in detail elsewhere 27 . A KBr disc with and without MFM-300(Al) (about 5 wt%) was used as the matrix for in situ infrared experiments to record the spectra for the material and background (that is, gaseous-phase NO 2 ), respectively. MFM-300(Al) was pressed into the surface of a preformed KBr disc. The discs were further degassed by heating to 120 °C under high vacuum overnight and mounted into the cell, which was purged with Ar. The disc was placed under vacuum, cooled to 298 K and filled to various pressures between 0 and 1 bar of NO 2 (CP grade, supplied by AIRLIQUIDE) to mimic gas sorption experiments. For each pressure step, the equilibration time was set to 120 min before the measurement of infrared spectra. All infrared spectra were recorded on a Nicolet Avatar 360 FTIR spectrometer with a liquid-N 2 -cooled HgCdTe detector. Throughout this report, intensities of the overtone bands were used for analysis because these bands had a lower absorption than the fundamental bands for the monomer and dimer, both of which had an absorbance greater than 1 at pressures over 0.3 bar in our apparatus. A low spectral resolution (2 cm ) was used to allow for efficient subtraction of the bands due to the free gas.
INS.
INS spectra were recorded on the VISION spectrometer at the Spallation Neutron Source, Oak Ridge National Laboratory (USA). VISION is an indirectgeometry crystal analyser instrument that provides a wide dynamic range with high resolution. The sample of desolvated MFM-300(Al) was loaded into a cylindrical vanadium sample container with an indium vacuum seal and connected to a gas handling system. The sample was degassed at 10 −7 mbar at 120 °C for 1 day to remove any remaining trace guest water molecules. The temperature during data collection was controlled using a closedcycle refrigerator cryostat (10 ± 0.1 K). The loading of NO 2 was performed volumetrically at room temperature to ensure that NO 2 was present in the gas phase when not adsorbed and also to ensure sufficient mobility of NO 2 inside the crystalline structure of MFM-300(Al). Subsequently, the temperature was reduced to below 10 K to perform the scattering measurements with the minimum achievable thermal motion for the framework host and adsorbed NO 2 and N 2 O 4 molecules. Background spectra (sample can plus bare MFM-300(Al)) were subtracted to obtain the difference spectra.
DFT calculations and MD modelling. The vibrational properties of bare and NO 2 -loaded MFM-300(Al) were calculated using a combination of DFT and plane-wave pseudopotential methods as implemented in the CASTEP code 28 , using ultrasoft pseudopotentials with a plane-wave energy cutoff of 380 eV. Calculations were performed under the Perdew-Burke-Ernzerhof approximation 28 for exchange and correlation. The electronic structure was calculated on a 2 × 2 × 2 MonkhorstPack mesh for the unit cell (see the crystal data in Supplementary Section 1.7) . The normal modes of the solid were determined from dynamical matrices calculated using finite displacements, by numerical differentiation, and the lattice parameters and atomic coordinates determined by PXRD in this work were used for the initial structure. The total energy tolerance for electronic energy minimization was 5 × 10 −10 eV atom −1 , and 5 × 10 −9 eV atom −1 for structure optimization. The maximum interatomic force after relaxation was below 0.001 eV Å −1
. The INS spectra were calculated using the aClimax software 29 , and infrared spectra were calculated using CASTEP 28 . The information was used to identify the modes of vibrational features in the experimental INS and FTIR spectra, and no abscissa scale factor was used throughout this report for INS or infrared calculations.
The calculated INS spectrum shows the total transitions (up to ten orders). The stepwise calculation for binding energies was carried out by: optimizing the structure of the bare MOF by finding the local potential energy minimum with the final potential energy E 1 ; optimizing the structure of the NO 2 -loaded MOF (3 NO 2 per Al) with the final potential energy E 2 ; and removing the MOF host, leaving the NO 2 and N 2 O 4 (ratio of 1:1) molecules in the system, enlarging the unit cell to 2.5 × 2.5 × 2.5 nm 3 and redistributing the NO 2 and N 2 O 4 molecules randomly to afford remnant gas phase interactions in 3D space to minimize the energy E 3 . The binding energy of NO 2 (Δ E) was obtained by the calculation Δ E = E 1 − E 2 + E 3 . MD modelling at 600 K was carried out by CASTEP 28 , with a time step of 1 fs and a total of 10,000 steps under an NVT ensemble (controlled by a Hoover-Langevin thermostat). For the MD simulation, the electronic structure was calculated at the gamma point alone, and the tolerance for electronic energy minimization was 5 × 10 −6 eV atom
. The purpose of the MD modelling was to study the stability of the (NO 2 ·N 2 O 4 ) ∞ chain confined within the pores by comparing the MD with and without the MOF. Indeed, within the simulation timescale of 10 ps, the (NO 2 ·N 2 O 4 ) ∞ chain shows exceptional stability at room temperature in MD modelling, even at elevated temperatures of 600 K. The MD calculation was terminated at 600 K where the MOF host starts to show thermal decomposition in practice. It should be noted that this result is, of course, subject to the various limitations of MD modelling, particularly for the limited timescale in MD when compared with the laboratory timescale of seconds or longer. In this case, it demonstrates the role of the MOF in stabilizing the (NO 2 ·N 2 O 4 ) ∞ chain from a theoretical perspective.
High-resolution synchrotron PXRD and structure determinations. Highresolution in situ synchrotron PXRD data were collected at Beamline ID22 of the European Synchrotron Radiation Facility (ESRF) using monochromated radiation (λ = 0.399999(2) Å). These in situ diffraction measurements were carried out in capillary mode and the temperature was controlled by an Oxford Cryosystems open-flow N 2 gas cryostat. In a typical experiment, the powder sample of MFM-300(Al) (~2 mg) was dried in air and ground for 10 min before being loaded into a capillary tube (0.7 mm diameter). Grinding provides a uniform and small (below 10 μ m) particle size essential for obtaining high-quality X-ray patterns. The capillary tube was connected to a high vacuum (10 −6 mbar) and heated at 150 °C for ~4 h to generate desolvated MFM-300(Al). On loading of NO 2 into MFM-300(Al) at 1 bar and 298 K, a series of rapid scans (~10 min each) were collected to capture the changes in the unit cell parameters as a function of time. Longer scans (~20 min each) were collected when reaching the adsorption equilibrium at 298 K. A PXRD pattern was also collected after a final degassing under heating for ~1 h to remove adsorbed NO 2 molecules. Up to five cycles of NO 2 adsorption/desorption were undertaken to test the structural stability and durability of this MOF material. On desolvation and NO 2 loading, we observe neither changes to cell parameters nor additional/missing features in the patterns, suggesting that there is no structural phase change during the experiment.
The structure solutions were initially established by considering the structure of the bare MFM-300(Al) framework, and the residual electron density maps were further developed from subsequent difference Fourier analysis using TOPAS. Lattice parameters were obtained from Le Bail refinements of the PXRD data. The final structure refinement of MFM-300(Al)·(NO 2 ) 2 ·(N 2 O 4 ) 2 was carried out using the Rietveld method 30 with isotropic displacement parameters for all atoms. On NO 2 loading, there are apparent changes in intensities of the Bragg peak, indicating that the NO 2 molecules are adsorbed into the material. NO 2 and N 2 O 4 molecules at each site were determined to be nearly fully occupied, in excellent agreement with the experimental isotherm value. The final stage of the Rietveld refinement involved soft restraints to the C-C bond lengths within the benzene rings. Rigid body refinement was applied to the NO 2 and N 2 O 4 molecules in the pore. EPR measurements. Continuous-wave and pulsed EPR measurements of powder samples of bare and NO 2 -loaded MFM-300(Al) were performed at the X-band (about 9.7 GHz) on a Bruker Elexsys E580 spectrometer. The microwave frequency was measured with a built-in digital counter and the magnetic field was calibrated using a Bruker strong pitch reference sample. A modulation amplitude of 0.1 mT and microwave powers of 0.002-2 mW were used. ENDOR measurements used the Davies sequence 31 (π inv − RF − π /2 − τ − π − τ -echo) with microwave inversion and radiofrequency (RF) π -pulse durations of 200 and 1,800 ns, respectively. EPR and ENDOR spectra were calculated using the EasySpin toolbox for Matlab 25, 32 .
Data availability. All relevant data are available from the corresponding authors, and/or are included in the Supplementary Information. The crystal structure
